In this paper we probe the hot, post-shock gas component of quasar-driven winds through the thermal Sunyaev-Zel'dovich (tSZ) effect. Combining datasets from the Atacama Cosmology Telescope, the Herschel Space Observatory, and the Very Large Array, we measure average spectral energy distributions (SEDs) of 109,829 opticallyselected, radio quiet quasars from 1.4 GHz to 3000 GHz in six redshift bins between 0.3 < z < 3.5. We model the emission components in the radio and far-infrared, plus a spectral distortion from the tSZ effect. At z > 1.91, we measure the tSZ effect at 3.8σ significance with an amplitude corresponding to a total thermal energy of 3.1 × 10 60 ergs. If this energy is due to virialized gas, then our measurement implies quasar host halo masses are ∼ 6 × 10 12 h −1 M . Alternatively, if the host dark matter halo masses are ∼ 2 × 10 12 h −1 M as some measurements suggest, then we measure a >90 per cent excess in the thermal energy over that expected due to virialization. If the measured SZ effect is primarily due to hot bubbles from quasar-driven winds, we find that (5 +1.2 −1.3 ) per cent of the quasar bolometric luminosity couples to the intergalactic medium over a fiducial quasar lifetime of 100 Myr. An additional source of tSZ may be correlated structure, and further work is required to separate the contributions. At z ≤ 1.91, we detect emission at 95 and 148 GHz that is in excess of thermal dust and optically thin synchrotron emission. We investigate potential sources of this excess emission, finding that CO line emission and an additional optically thick synchrotron component are the most viable candidates.
INTRODUCTION
The accretion of material onto a supermassive black hole in the nucleus of a galaxy is one of the most energetic phenomena in our universe. Quasars are the most powerful class of such Active Galactic Nuclei (AGN) with bolometric luminosities L bol > 10 45 erg s −1 , sometimes outshining all the stars in their host galaxies. It has been evident for over three decades that quasar activity is strongly linked to the evolution of the host galaxy. The evidence driving this conclusion lies in the correlation between the masses of supermassive black holes and their host galaxy bulge mass, luminosity, and velocity dispersion (e.g., Kormendy & Richstone 1995) , indicating that growth of the super massive black hole is linked to the gas reservoir from which stars form (Hopkins et al. 2006) . Further evidence for the connection between quasars and galaxy evolution is the similarity between the observed star formation rate and quasar luminosity density throughout cosmic time (Boyle & Terlevich 1998; Hopkins et al. 2008) .
Feedback from accreting black holes has become a key element in modelling galaxy evolution (Tabor & Binney 1993; Silk & Rees 1998; Springel et al. 2005) . Quasar feedback is routinely invoked in galaxy formation models to quench star formation and to explain the steep decline of the bright end of the galaxy luminosity function (Croton et al. 2006) as well as to reheat the intracluster medium (Rawlings & Jarvis 2004; Scannapieco & Oh 2004) . Numerical simulations of galaxy formation suggest that quasar feedback plays the dominant role in heating the circumgalactic medium (CGM) on scales of hundreds of kpc (Pillepich et al. 2018) .
Supermassive black holes are natural candidates for these feedback processes because putting even a small fraction of the accretion energy into an outflow wind is in principle sufficient to liberate the galaxy-scale bound gas from the galaxy's gravitational potential. Although the effects of quasars on their host galaxies and their circumgalactic environment are now thought to be among the major factors in galaxy formation theory, detecting and quantifying this phenomenon from direct observations has proved difficult. In the last decade the first observations of galaxy-wide quasardriven winds have been finally made using optical ionizedgas diagnostics (e.g. Nesvadba et al. 2008; Moe et al. 2009; Liu et al. 2013; Harrison et al. 2014) , and molecular-gas diagnostics (e.g., Fischer et al. 2010; Veilleux et al. 2013; Rupke & Veilleux 2013; Sun et al. 2014) .
Despite these observational developments, the amount of energy that the active nucleus is capable of injecting into the extended interstellar medium of the host galaxy remains controversial, and there is no consensus on how quasar winds are launched or how they become coupled to the host's interstellar medium. The greatest observational challenge to quantifying quasar feedback is the multi-phase nature of quasar-driven winds. The relatively dense warm ionized emission-line component of winds coexists with a colder, denser neutral and even a molecular component and a more diffuse far-UV/soft X-ray emitting plasma at 10 5 − 10 6 K, likely originating on the surfaces of shocked or photo-ionized clouds . Different wind components are observed via different diagnostics across the electromagnetic spectrum.
The most mysterious component of quasar feedback is the lowest-density, hot, volume-filling gas. This component is predicted by theoretical models of quasar winds (FaucherGiguère & Quataert 2012; Zubovas & King 2012; Nims et al. 2015) : as the winds propagate through the host galaxy and CGM, they leave behind post-shock gas which is too diffuse and too hot (T > 10 8 K) to be detectable currently using any emission diagnostics (Nims et al. 2015) . With advances in arcminute-resolution millimeter-wavelength telescopes, recent studies described below have been probing this elusive, hot plasma component of quasar winds using the Sunyaev-Zel'dovich effect (Sunyaev & Zeldovich 1970) .
The SZ effect is a distortion of the cosmic microwave background (CMB) spectrum at millimeter wavelengths that occurs when the relatively low-energy CMB photons inverseCompton scatter off hot ionized gas, such as the volumefilling gas phase of quasar-driven winds. The presence of the SZ effect in galaxies with feedback mechanisms has been predicted by both analytic estimates (Natarajan & Sigurdsson 1999; Yamada et al. 1999; Platania et al. 2002; Pfrommer et al. 2005; Chatterjee & Kosowsky 2007) and by simulations (Chatterjee et al. 2008; Scannapieco et al. 2008; Prokhorov et al. 2010 Prokhorov et al. , 2012 Cen & Safarzadeh 2015) . The magnitude of the total volume-integrated SZ effect is directly proportional to the total thermal energy of the intervening gas. Over the lifetime of a quasar, the energetic output from the winds has the potential to generate a hot plasma out to tens of kiloparsecs, and thus, it is extensive enough to intervene with CMB photons with significant optical depth for CMB photon scattering. Because the SZ distortion depends linearly on both optical depth and gas temperature, it provides a probe of the thermalized quasar output energy that is not detectable by other methods. Furthermore, the SZ effect is not subject to surface-brightness dimming as a function of redshift, enabling the study of the low-density, ionized gas in high-z systems.
While detection of the SZ effect in large galaxy clusters dates to the 1990's, the past decade has seen the rise of large blind surveys that can detect the SZ effect from clusters with halo masses 10 14 − 10 15 M ; (e.g., Bleem et al. 2015; Planck Collaboration et al. 2016b; Hilton et al. 2018) . AGN feedback in these systems is estimated at ∼10 45 erg/s, or 1 × 10 60 ergs over a characteristic 100 Myr timescale (e.g., Cavagnolo et al. 2010 ). This level of energy injection is dwarfed by the ≥ 2 × 10 62 ergs of thermal energy characteristic of virialized gas in galaxy clusters. Therefore, disentangling the feedback processes embedded in galaxy clusters through the integrated SZ signal is not yet practical. However, these same SZ surveys can be used to study lower mass systems through averaging (stacking) the millimeter-wave data at the locations of the known clusters or sources. This has been done for massive elliptical systems (with halo mass ∼ 10 14 M ) associated with luminous red galaxies (Hand et al. 2011) . Others observed systems with halo mass ∼ 10 13 M that have characteristic total energies of 7 × 10 61 ergs in the circumgalactic medium (Planck Collaboration et al. 2013; Greco et al. 2015; Spacek et al. 2016 Spacek et al. , 2017 Spacek et al. , 2018 Tanimura et al. 2019; Pandey et al. 2019) . These latter studies aim to detect fossil energy from past AGN activity -coincidentally of the same order as the cluster feedback energy scale quoted above. Detection of this fossil energy hinges on the long timescale for radiative cooling in the dark matter halos, which is on the order of a Hubble time for a post shocked gas with entropy in excess of 100 keV (Voit & Bryan 2001; Scannapieco & Oh 2004) . This fossil feedback energy is still a modest fraction of the total energy (and thus SZ) budget, and these studies have yet to find compelling evidence of the AGN contribution. Gralla et al. (2014) arrived at a similar conclusion when considering massive ellipticals with ongoing radio AGN activity. A potentially more fruitful way to find evidence of fossil AGN activity using the SZ effect is through the radial redistribution of the CGM (Le Brun et al. 2015) , though arcminute or better resolution is required (Tanimura et al. 2019 ).
Compared to the massive ellipticals discussed above, quasar host galaxies are, on average, less massive (1 − 5 × 10 12 M ), corresponding to total CGM energies of 10 59 − 10 60 ergs (Sherwin et al. 2012; White et al. 2012; Shen et al. 2013; DiPompeo et al. 2014 DiPompeo et al. , 2015 Wang et al. 2015; Eftekharzadeh et al. 2019; Geach et al. 2019) . At the same time, the feedback energy scale is the same as in the more massive systems (10 60 ergs), making its detection above the in situ CGM thermal energy more tractable. The challenge to measuring the SZ effect in quasar hosts is that the millimeter-wave emission is more complicated in the active systems than in the massive, quiescent ellipticals. First attempts at estimating the SZ in quasar hosts include Chatterjee et al. (2010) and Ruan et al. (2015) . Verdier et al. (2016) used a matched filter approach on Planck data to estimate an energy of ∼ 4 × 10 61 ergs. This thermal energy is above expectations of feedback models as it corresponds to ∼60 per cent of the bolometric luminosity output of quasars with L bol ∼ 1 × 10 46 ergs over 10 8 years. Furthermore, it is greater than the expected energy from virialization of the highest estimates of dark matter halo mass (Richardson et al. 2012) , and as discussed further in this paper, it can likely be attributed to contributions to the SZ signal from correlated neighboring dark matter halos. Soergel et al. (2017) fit stacked quasar spectral energy distributions (SED) derived from Planck data and found 5 × 10 60 ergs at 3 − 4σ significance with strong caveats about dependency on dust emission models. In Crichton et al. (2016) , we used Atacama Cosmology Telescope (ACT) and Herschel data to obtain similar integrated SZ levels to Soergel et al. (2017) with a dependence on the assumed dust emission model. Soergel et al. (2017) emphasized the difference between the dust models derived in Crichton et al. (2016) and the Planck results; however the large (5 − 10 ) beam of Planck means that Soergel et al. (2017) and Verdier et al. (2016) primarily probe dust in the correlated population of dusty star forming galaxies (i.e., clustered sources contributing to the cosmic infrared background; Hall et al. 2018) . The ACT and Herschel data at higher-resolution are less affected by the clustered signal on scales beyond the dark matter halo of the host. They are instead dominated by warmer dust associated with the quasar host itself and the clustered galaxies within the virial radius of the host dark matter halo. The resolution impacts the interpretation of the SZ effect as well: for halo masses in the range 10 12 − 10 13 M , the Planck data are dominated by the 2-halo term associated with correlated large scale structure, whereas the higher resolution ACT and Herschel data more directly probe the gas associated with the quasar system and the 1-halo term of correlated structure (Hill et al. 2018 ; Hall Cen & Safarzadeh 2015) . We revisit this in the discussion of the implications of our result.
A complementary approach is high-resolution, highsensitivity observations of the SZ effect associated with individual AGN. Recently, such results on both radio and quasar feedback have been published using interferometric data (Abdulla et al. 2019; Lacy et al. 2019 ). In the case of quasar feedback, Lacy et al. (2019) measure an SZ decrement due to quasar winds at the ∼3σ level, with wind luminosity that is ∼ 0.01 per cent of the bolometric luminosity of the observed hyperluminous quasar at z ∼ 1.6.
In this work, we present composite quasar SEDs at z = 0.3 − 3.5 to study the thermal SZ effect associated with quasar feedback. In Section 2 we present the datasets used for the analysis. In Section 3 we describe the measured stacked SEDs of quasars as well as the modelling of the stacked SEDs. Section 4 explores the dependencies of the model, and in Section 5 we further discuss our derived parameters. We summarize and conclude in Section 6. For cosmological parameter calculations, such as the comoving distance at a given redshift z, we use the default Planck 2015 cosmology (Planck Collaboration et al. 2016a ) with H 0 = 67.81 km s −1 Mpc −1 , Ω m = 0.308, and Ω Λ = 0.692.
DATA
For this analysis, we stack maps from the Atacama Cosmology Telescope, the Herschel Space Observatory, and the Very Large Array on the locations of optically-selected quasars from the Sloan Digital Sky Survey (SDSS). This section first outlines the selection of the quasar samples overlapping the various survey regions, which are largely disjoint. We search for a dependence of the stacked quasar signal on differences in quasar selection between survey regions. We find no such dependence, and detail this in the following section. We then describe the maps and survey regions used in the stacking analysis in the subsequent subsections. Table  1 gives each map's frequency, beam FWHM, and rms noise values. Figure 2 . Redshift distributions, normalized to form a probability density, of the sum total 109,829 quasars that lie within the ACT equatorial, ACTPol D56, ACTPol BOSS-N, and H-ATLAS footprints. The number of quasars in each survey field is listed as a function of redshift bin in Table 2 . The number of quasars that lie within ACT equatorial+ACTPol D56 and ACTPol BOSS-N are comparable, while the total number that lie within the H-ATLAS fields is ∼10 per cent that of ACT equatorial+ACTPol D56. The shape of the redshift distribution is determined by the SDSS target selection. Vertical dashed lines mark the boundaries of the redshift bins.
Sloan Digital Sky Survey Data Release 14
Quasar Catalog
The quasar sample used in this study is a subset from the SDSS Data Release 14 (DR14, Pâris et al. 2018 ) spectroscopic quasar catalog. The DR14 quasar catalog contains all of the quasars observed as a part of SDSS-I/II/III data releases 9, 12, and 14 (DR9, Pâris et al. 2012; DR12, Pâris et al. 2014; DR14, Pâris et al. 2017) , and the new quasars that were observed as a part of the SDSS-IV/extended Baryon Oscillation Spectroscopic Survey (eBOSS). All objects in the catalog are spectroscopically confirmed as quasars. We first restrict our quasar sample to the redshift range 0.3 < z < 3.5 as this range allows us to avoid the low population tails of the distribution. Then we apply a cut on the radio emission of the quasars in order to ensure that our objects are radio-quiet by following the methods of Xu et al. (1999) . This study classifies radio loud objects according to the bimodal distribution of the radio 5 GHz luminosity and the [OIII] 5007Å line luminosity L [OIII] . We compute L 5GHz from L 1.4GHz assuming a synchrotron spectrum with spectral index −1, and we compute L [OIII] from M 2500 using the mean relation given in Reyes et al. (2008) . M 2500 is the absolute magnitude at rest-frame 2500Å for which we use the SDSS K-corrected i-band absolute magnitude M I (z = 2) as a proxy (Richards et al. 2006) . The purpose of ensuring that there are no radio-loud quasars in our sample is twofold. Firstly, the majority of the quasar population (90 per cent) is radio quiet, and we are using the SZ effect to probe the potential of the radiative feedback mode for influencing galaxy evolution. Secondly, we wish to minimize the contamination of synchrotron emission that is strong in radio-loud objects. We apply one final cut to the quasar selection that removes all quasars within 2.5 of bright sources that are detected at ≥ 5σ in the ACT data.
Our final sample includes 109,829 quasars. The breakdown of the number of quasars in each field with extractable flux densities is summarized in Table 2 . The quasar samples drawn from regions overlapping the combined ACT equatorial and ACTPol D56, the ACTPol BOSS-N, and H-ATLAS are largely independent from one another, with the exception of 1,874 sources that lie within BOSS-N and two of the H-ATLAS GAMA fields, GAMA-12 and GAMA-15. The quasar samples constituting the FIRST and CNSS samples contain objects that lie within the other fields. The ACT equatorial and ACTPol D56 survey fields partially overlap. Figure 1 displays the three ACT regions, as well as the H-ATLAS and CNSS regions. Figure 2 shows the normalized redshift distribution of the combined quasar samples overlapping all of the ACT regions and the H-ATLAS regions, with dashed vertical lines at the redshift boundaries of each bin. Shown separately are the redshift distributions of the quasars lying within each of the survey fields. Each curve is normalized to form a probability distribution. The strong redshift dependence of the quasar distribution reflects the selection function and the targeting priorities of the SDSS survey Pâris et al. 2018) . The quasar samples overlapping the ACT equatorial region and ACTPol D56 overlap with the SDSS region Stripe 82 (S82) that covers the Celestial Equator, though D56 extends beyond S82 in declination. The H-ATLAS and ACTPol BOSS-N regions are above the Galactic plane (see Figure 1) . The quasar selection difference in these other survey fields is evident in the respective quasar redshift distributions in Figure 2 . The fields above the Galactic plane (orange and green histograms in Firgure 2) have the most quasar coverage from SDSS III, which focused on quasars at z ≥ 2.15 in order to access the Lyman-α forest (Pâris et al. 2018) .
In our construction of the radio through far-infrared quasar SEDs we tested for any discrepancies in stacked flux density at a given frequency that may be caused by differences the quasar samples in each of the survey footprints. We matched the quasar samples from the different fields in their absolute magnitude distributions and in their r − i and i − z color distributions and re-calculated their broadband SEDs. We find no difference in flux density within the uncertainties of the data in these SEDs compared to those made from the full, combined quasar samples from each field. When a frequency band has data spanning multiple fields, as with ACTPol D56 and BOSS-N at 95 GHz and 148 GHz, the flux density estimates also agree between fields (however, see caveat regarding Herschel SPIRE data in Section 2.3). We also find consistency between flux densities at 1.4 GHz derived from stacking all of the quasars in our sample and those derived from using quasars in the individual fields, including when limiting to only the quasars that lie within the CNSS Pilot survey. We therefore continue the analysis with the full quasar sample with the numbers in each field as reported in Table 2 .
Atacama Cosmology Telescope (ACT)
The Atacama Cosmology Telescope (ACT) is a 6-m telescope located in the Atacama desert in northern Chile (Fowler et al. 2007 ). Its first of three cameras was the Millimeter Bolometric Array Camera (MBAC) that observed at 148, 218, and 277 GHz, making it well equipped for mapping the cosmic microwave background (CMB) and for observing the SZ effect (Swetz et al. 2011) . This camera took observations from 2007-2010, and with it the telescope mapped over 1000 deg 2 of the sky. Details concerning the ACT data reduction, map calibrations, and descriptions of the beams are given in Dünner et al. (2013) , Hajian et al. (2011) , and Hasselfield et al. (2013) . The second-generation ACT survey was conducted with the polarization-sensitive ACTPol receiver. The ACTPol survey took place from 2013-2015 in frequency bands 95 GHz and 148 GHz (Niemack et al. 2010; Thornton et al. 2016) . Louis et al. (2017) give a description of the ACTPol data reduction, calibration, and beams. The third generation of ACT has been ongoing since 2016 via the Advanced ACTPol experiment (AdvACT; Henderson et al. 2016) .
In this study, we use the equatorial maps in all three frequency bands from the ACT/MBAC survey, which cover 340 deg 2 (−55 • < RA < 58 • ; −1.5 • < dec < 1.5 • ). The 148 GHz and 218 GHz data were taken from 2009 to 2010. The 277 GHz data are only from 2010. From ACTPol we use the equatorial maps in the region known as D56 and the maps in the region called BOSS-N. These fields were observed in the second and third seasons of ACTPol operation. The D56 region covers ∼700 deg 2 (approximately −10 • < RA < 40 • ; −9 • < dec < 5 • ), and BOSS-N covers over
The ACTPol survey strategy is described by De Bernardis et al. (2016) . Finally, no data from the ongoing Advanced ACTPol survey are used in this study. All of the ACT maps have been matched-filtered and put into units of Jy beam −1 such that the flux density recovered from each pixel is representative of that of a point source in that position (Melin et al. 2006; Marriage et al. 2011) .
The absolute calibration of the ACT equatorial 148 GHz and 218 GHz bands was determined via a cross-correlation analysis with WMAP (Hajian et al. 2011) , while the 277 GHz maps were calibrated using Uranus and Saturn. The beam full widths at half maximum (FWHM) for the ACT 148 GHz, 218 GHz, and 277 GHz data are 1.34 , 1.01 , and 0.89 , respectively. Additionally, all of the data have uncertainties associated with the beam measurements and map making procedures. The resulting calibration uncertainties in the 148 GHz and 218 GHz maps are 3 per cent and 5 per cent, respectively, and these two bands are correlated at a level of 3 per cent due to their calibration analysis procedure (Das et al. 2014) . The 277 GHz flux densities have a calibration uncertainty of 15 per cent, and it is not correlated with the other bands. (See Gralla et al. 2014 for details.) The ACTPol experiment was equipped with three detector arrays. The first two observed at 148 GHz, while the third observed simultaneously at 95 and 148 GHz. Observations of Uranus are used to characterize the beams. The 148 GHz beam sizes at FWHM are 1.37 , 1.33 , and 1.58 for detector arrays 1, 2, and 3, respectively. The 95 GHz beam of the third detector array has a FWHM of 2.13'. All of the calibration uncertainties are on the order of 2 per cent as determined by cross correlation with Planck. The ACTPol calibrations have not yet been finalized and may change at the ∼1 per cent level, but our results in this paper are robust against these changes. More details of the ACTPol data and instrument can be found in Thornton et al. (2016) and Louis et al. (2017) .
Herschel Space Observatory
To measure the thermal dust emission spectrum of the stacked quasar SEDs, we use far-infrared data from the Herschel Space Observatory. The Herschel mission's far-infrared observations span 2009 to 2013. It was equipped with three instruments: the Photodetector Array Camera and Spectrometer (PACS, Poglitsch et al. 2010) , the Spectral and Photometric Imaging REceiver (SPIRE, Griffin et al. 2010) , and the Heterodyne Instrument for the Far Infrared (HIFI, de Graauw et al. 2010 ). All three instruments had spectrometers, and PACS and SPIRE were equipped with cameras.
We use images from the Herschel -Astrophysical Terahertz Large Area Survey (H-ATLAS; Eales et al. 2010 ) that was carried out using the PACS and SPIRE instruments. The H-ATLAS survey mapped over 600 deg 2 of the sky in five photometric bands: 100 µm and 160 µm using the PACS instrument, and 250 µm, 350 µm, and 500 µm using the SPIRE instrument. Specifically, we use the ∼180 deg 2 patch of the survey that is centered on the North Galactic Pole (NGP; Smith et al. 2017 ) and the three 60 deg 2 equatorial regions that coincide with the Galaxy And Mass Assembly (GAMA) survey (Valiante et al. 2016) . These three fields are centered on right ascensions 9h, 12h, and 15h and each extends 4 degrees in declination. All of the maps we use came from the H-ATLAS team as a part of data release two of the survey. Details of the maps processing and properties can be found in Valiante et al. (2016) . All of the maps have been background-subtracted using the Nebuliser algorithm to remove any large-scale (> 3 ) Galactic or extragalactic emission.
We do not use the available SPIRE data from the Herschel Multi-tiered Extragalactic Survey (HerMES) or Herschel Stripe 82 Survey (HerS) due to discrepancies in the flux densities of stacked quasars in the HerMES/HerS vs. the H-ATLAS fields. The most relevant HerMES field is the HerMES Large Mode Survey (HeLMS), which covers 270 deg 2 and overlaps Stripe 82. Specifically, we find that the SPIRE points from the HeLMS/HerS fields tend to be lower in flux density, particularly in the 250 µm band where the HeLMS/HerS points are up to 50 per cent lower in flux than the H-ATLAS points. As a result, the HeLMS/HerS SPIRE Table 2 . Number of Quasars in each redshift bin and survey field. The numbers of quasars listed for ACT equatorial/ACTpol D56, ACTPol BOSS-N, and H-ATLAS fields are all independent, with the exception of 1,874 sources overlapping BOSS-N and GAMA-12/GAMA-15, while the quasars in FIRST and CNSS overlap with the other fields. The numbers in parentheses in the ACT equatorial column are those that also lie within ACTPol D56. The numbers in parentheses in the H-ATLAS column are those that overlap with ACTPol BOSS-N. The total represents the total number of independent objects in each redshift bin. data yield different spectral shapes with cooler dust temperatures than those indicated by the combined SPIRE and PACS data from the H-ATLAS fields. We tested for any difference in quasar target selection as described in Section 2.1 that may be driving these discrepancies, and found none. The H-ATLAS maps we use have been matched-filtered, while the HeLMS and HerS maps have not. For the latter, we perform our own background subtraction in order to account for correlation emission from dusty galaxies. It is possible that the HeLMS and HerS maps still contain a larger contamination from clustered sources, which is one reason for continuing with only the H-ATLAS datasets. For the purposes of constraining the dust spectrum in this study, we continue the analysis using the H-ATLAS SPIRE and PACS data only. For completeness we performed the analysis using the HeLMS and HerS SPIRE data only (no PACS), and we do not find any significant discrepancy ( 1σ) in our marginalized SZ amplitude.
ACT
In order to measure the Wien part of the dust spectrum, we use images from the Herschel PACS instrument at 100 µm and 160 µm with FWHM beam sizes of 11.4 and 13.7 , respectively. The PACS maps have units of Jy pixel −1 . We convert the recovered flux densities to Jy beam −1 by performing aperture photometry with a circular aperture of radius equal to the FWHM of the respective band, and then applying an aperture correction using the encircled energy function (Valiante et al. 2016) . The primary uncertainty in the flux densities from PACS is derived from calibration uncertainties of stars and asteroids, and the total calibration error is estimated to be 5 per cent.
The FWHM of SPIRE beams are derived from observations of Neptune and are 18.1 , 25.2 , and 36.6 for the 250 µm, 350 µm, and 500 µm bands, respectively (Griffin et al. 2013) . The flux sensitivity of the Herschel -SPIRE bands is 13.0, 12.9, and 14.8 mJy beam −1 for the 250 µm, 350 µm, and 500 µm bands, respectively, with the confusion noise contributing 8 mJy beam −1 at all wavelengths. The SPIRE maps we use have been matched-filtered using the SPIRE point spread function and are in units of Jy beam −1 . The flux density calibration uncertainties derived from the Neptune observations total 7 per cent. The calibration uncertainty of all three bands is correlated at the level of 5 per cent. As a check on our SPIRE and PACS flux density determination, we tested that we accurately recover the fluxes of detected sources from available H-ATLAS catalogs, and find that our flux calculations agree with the catalog values within the catalog uncertainties.
The VLA FIRST Survey
The Faint Images of the Radio Sky at Twenty-one centimeters (FIRST) survey from the Very Large Array (VLA) mapped over 10,000 deg 2 of the sky at 1.4 GHz (21-cm) with a resolution of 5 , typical rms of 0.15 mJy, and a detection threshold of 1 mJy (Becker et al. 1995) . We use these data to obtain the stacked flux density of our quasars at 1.4 GHz. FIRST overlaps with all of our survey fields, and we obtain 5 ×5 image thumbnail cutouts centered on 108,455 quasars. (There are quasars in the sample for which a valid FIRST flux density could not be recovered.) The data are calibrated in units of Jy beam −1 , and the pixel sizes are 1.8 . We extract the flux density from the pixel corresponding to the SDSS (RA, dec) coordinate of each quasar.
The Caltech-NRAO Stripe 82 Survey
The Caltech-NRAO Stripe 82 Survey (CNSS) has made public its pilot survey that mapped 50 deg 2 of the sky at 3 GHz with a resolution of 3 using the Jansky VLA (Mooley et al. 2016 ). The combined map has a median rms noise of ∼35 µJy. Using this pilot survey in conjunction with FIRST, we can begin to constrain the shape of the radio spectrum of our sample. We obtain 1 ×1 thumbnail cutouts of 2,838 quasars in the CNSS field. The cutouts are in units of Jy beam −1 , and the pixel sizes are 0.75 . We extract the flux density from the pixel corresponding to the SDSS (RA, dec) coordinate of each quasar.
STACKED SPECTRAL ENERGY DISTRIBUTIONS

Stacking to recover the average flux densities of quasars
The quasars in our sample are optically bright, but have far-infrared, millimeter, and radio flux densities that fall below the detection limits of the surveys used in this work.
We perform a stacking analysis to measure the mean flux density of the quasars in each redshift bin at ACT and H-ATLAS map frequencies. Our stacking algorithm entails cutting out square patches (thumbnails) of the maps around the (RA, dec) coordinate of each quasar in each redshift bin and then computing an inverse variance-weighted average of all thumbnails in a bin. Stacking is equivalent to taking the cross-correlation of an intensity map with a catalog ( 2.5 ± 0.3 4.2 ± 0.5 5.5 ± 0.5 5.6 ± 0.5 3.5 ± 0.4
11.6 ± 1.0 13.7 ± 1.2 13.0 ± 1.1 10.5 ± 0.9 6.4 ± 0.5 6.0 ± 0.5 S e 1875 (mJy) 17.6 ± 1.9 15.6 ± 1.8 13.5 ± 1.6 10.2 ± 1.6 6.1 ± 1. confusion-dominated or Gaussian noise-dominated map, like the ACT and Herschel maps, on the locations of sources allows us to obtain an unbiased maximum likelihood estimate of the average flux of the sources in the catalog.
We stack the ACT and Herschel maps on the locations of quasars in six redshift bins, divided such that there is approximately the same number of quasars in each bin, N ∼ 18300, as defined by the concatenation of quasars overlapping all of the survey fields used in this study. We meansubtract each of the complete maps before stacking. For each redshift bin, the stacked signal is constructed by taking the inverse variance weighted average of the thumbnails centered on all quasars in that redshift bin:
Equation 1 gives the mean stacked intensity mapS δ ν of the redshift bin δ containing N δ sources, each contributing individual map intensity s i,ν in the frequency band ν. For each quasar thumbnail, the inverse variance weights w i,ν are determined on a pixel-by-pixel basis from the hit (counts) maps for the ACT and PACS data and from the square of the error maps for the SPIRE data. The ACT flux densities are also multiplied by correction factors to account for the probability of each source falling anywhere within the 0.5 -square pixels. These factors are 1.02, 1.06, 1.10, and 1.14 for the 95, 148, 218, and 277 GHz bands, respectively (Gralla et al. 2014) . Stacked 10 × 10 thumbnails for the ACT frequencies are given in Figure 3 . Stacked 5 × 5 thumbnails for the H-ATLAS SPIRE frequencies and stacked 3 × 3 thumbnails for the H-ATLAS PACS frequencies are given in Figure 4 .
For radio data from FIRST and CNSS, we follow a modified stacking procedure. Firstly, the data are combined after extracting flux densities from the thumbnail cutouts of individual quasars (instead of combining the thumbnails and extracting the stacked flux density from the aggregate thumbnail). Secondly, instead of the weighted mean, we compute the median flux density as the representative value for the population in each redshift bin. The reason for this is the presence of significant positive outliers in the radio data. (For instance, the brightest source in the lowest redshift bin is 1600 times brighter at 1.4 GHz than the median source.) These outliers bias the weighted mean to high values, up to six times the median, and significantly increase the associated error. We therefore find that the median is a more robust estimate of the stacked flux density in each redshift bin. There is also a positive tail of non-outliers, so if we could hypothetically separate the outliers in a non-arbitrary way, the median estimator would differ from the putative mean. To investigate the impact of using the median instead of a weighted mean, we compute the medians of the higher frequency data, finding that the median values scatter within 1σ about the means without bias. We also compute the weighted mean of the 95 GHz data in the lowest redshift bin (where the bright radio tail is most pronounced) excluding the 4 per cent of quasars with S 1.4 > 1 mJy (the majority of the positive flux density tail). This lowers the 95 GHz stack by 3 µJy, which is 15 per cent of the statistical error and which produces a negligible impact in conclusions regarding excess millimeter emission and the SZ effect.
The stacked flux densities and uncertainties for each redshift and frequency are given in Table 3 . The average flux densities for frequency bands with ν ≥ 95 GHz are computed using Equation 1. The uncertainties are derived using a bootstrap algorithm that randomly samples the same number of objects in a given redshift bin with replacement. For each redshift bin and frequency band, we draw 100 bootstrapped samples with the same number of sources as our science SEDs and compute the average flux density using Equation 1. The uncertainty is then the standard deviation of 100 averages computed from the bootstrapped flux densities. We also add in quadrature any calibration uncertainties and compute a covariance matrix as referenced by the superscripts in Table 3 . The FIRST 1.4 GHz and CNSS 3 GHz flux densities and errors are computed as the median and standard error on the median (1.235σ dev / √ N, where σ dev is the standard deviation) of each object's measured flux density in a given redshift bin. We find these uncertainties are consistent with bootstrapped errors.
We test for potential bias in the stacked flux via a "null" stacking analysis: stacking randomly drawn positions distributed equally over the sky coverage of each of the survey fields. We draw 500 null stacks with equal numbers of random sky positions as there are quasars in the first redshift bin for each band. All of the stack procedures remain the same as for stacking on the quasar locations. In the case of the FIRST and CNSS fields we take the median and the standard error on the median. The means of these 500 random stacked fluxes for each band are scattered around zero in an unbiased manner, and all except the 277 GHz flux are found to be consistent with zero within their statistical uncertainty. The 277 GHz point is 1.5σ below zero. Testing against zero flux density in all 11 bands (11 degrees of freedom) yields a χ 2 = 5.6 with PTE = 0.89.
By using matched-filtered maps, we mitigate bias on scales larger than the beam that would be due to background emission from sources in the map that may be correlated with the quasars. Such signals have been seen in crosscorrelations of quasar catalogs with Herschel -SPIRE data (Wang et al. 2015; Hall et al. 2018) . The matched-filtering imposes a high-pass filter to remove large scale modes from the data, and therefore bias from background correlation on scales greater than the size of the beam is reduced. However, as discussed below, contributions to the measured flux may still arise from correlated structure on beam scales.
Modelling the stacked SEDs
We compute model spectral energy distributions as the addition of a synchrotron emission spectrum, a thermal dust emission spectrum as the sum of two modified blackbodies, additional emission components from CO lines entering the ACT bands, and the spectral distortion from the SZ effect.
The origin of radio emission in radio quiet quasars remains a topic of some debate (Zakamska et al. 2016; Hwang et al. 2018; Laor et al. 2019) , and quantifying the radio spectral indices of a statistical sample of radio-quiet quasars has not been done. In this study, we include the stacked radio flux densities at 1.4 and 3 GHz because if there is significant synchrotron and/or free-free emission in the quasar population, then it has a potential to be present at 95 GHz where we also expect to see a decrement in the emission due to the SZ effect. We model the synchrotron component as a power law with respect to frequency, S ν ∝ ν α . The power law index α is a negative value in the range −1.5 < α < −0.5 consistent with optically thin synchrotron emission. We also explore the possibility of flat spectrum (α > −0.5) radio emission (de Zotti et al. 2010) .
Galaxies have a distribution of dust temperatures that depends on the sizes and distribution of the dust and on the temperatures of the heating sources. The total infrared SED is therefore a sum of many modified blackbodies with different temperatures from all of the dust components. Modelling of high-redshift AGN, ultra-luminous IR galaxies, and other local star-forming galaxies has shown that at least two modified blackbodies are needed to describe the full infrared SED (Dunne & Eales 2001; Farrah et al. 2003; Kirkpatrick et al. 2012) . In our base model, the dust spectrum is thus modeled as the sum of two modified blackbodies. Each modified blackbody is computed as a function of rest frame frequency ν with the functional form
B(T d ) is the Planck blackbody function. The temperature of this optically thin modified blackbody spectrum is defined as T d and the emissivity given by β. The integral is taken from 8 − 1000 µm in the rest frame in order to normalize the spectrum to the infrared bolometric luminosity L I R of the quasar over the same wavelength range as is standard (Kennicutt 1998). The comoving distance d M (z) at the redshift of the quasar is used to generate the SED in terms of the observed frame flux density. In our base model, we fit the dust spectrum with the sum of two modified blackbodies. The thermal SZ effect (Sunyaev & Zeldovich 1970 ) is a distortion of the spectrum of CMB radiation passing through the hot plasma surrounding the quasar. The SZ effect is proportional to the the volume integrated thermal pressure of the plasma's electron gas, ∫ p e dV. The integrated thermal pressure due to quasar winds is directly proportional to the thermal energy output of the quasar, E th , and it is this quantity that we wish to probe as a function of redshift. Integrating the flux density over the solid angle of the source, we can write the SZ contribution as: Table 4 . Marginalized parameters derived from the 50th percentile of the posterior distributions from the MCMC analysis. The fit parameters include the radio spectral index α, the coupling fraction of the SZ effect f (τ −1 8 percent), and the warm and cold components of the two temperature modified blackbody dust spectra parameterized by the infrared luminosities L I R and the dust temperatures T d . The total thermal energy E t h , total infrared luminosity log(L I R, t ot ), and effective dust temperature T d, e f f columns are calculated from the fit parameters. The 1σ statistical uncertainties are given by the 16th and 84th percentiles and propagated accordingly for the calculated values. where
is the nonrelativistic frequency dependence of the SZ effect,
The constants m e , σ T , and c are the electron mass, the Thomson scattering cross section, and the speed of light. The angular diameter distance at the source redshift is denoted D A (z). Following the work in Crichton et al. (2016) (hereafter C16), we model the integrated thermal pressure in terms of the energy output from the quasar by writing it in terms of the bolometric luminosity of the quasar such that,
In the first equality, the total thermal energy scales as the bolometric luminosity over the quasar lifetime τ times the efficiency with which the radiative energy couples to the surrounding gas, f . The second equality relates the volumeintegrated pressure of the electron gas to the total thermal energy of the gas, where assuming solar abundances and a fully ionized gas the total mean weight per particle is µ = 0.613 and the mean weight per free election µ e = 1.17. We parameterize the spectral contribution from the SZ effect in our model SEDs in terms of the bolometric luminosity of the quasars in each redshift bin and fit for the coupling factor f . Because the efficiency is degenerate with τ, we follow the methods of C16 and use a fiducial active quasar timescale. Quasar lifetimes are poorly known, but we use τ = τ 8 × 10 8 years, as is commonly suggested by galaxy formation models (Hopkins et al. 2005a,b) . We can ignore any dependence of the cooling time as it is on the order of a Hubble time for the post-shocked gas. We fit for the coupling efficiency and report it in units of τ −1 8 per cent. This parameterization attributes the thermal energy budget of the SZ effect to the feedback energies of the quasars. Figure 5 shows that we see excess emission in the 95 GHz and 148 GHz bands in the low redshift bins. We test whether the excess flux is due to CO line emission that enters the ACT frequency bands. The contribution of CO line emission to each band is dependent on the exact shape of each respective band's transmission. We approximate the bands as top-hat functions and determine the redshift ranges over which we expect the CO emission to enter the bands. The 95 GHz ACTPol band has a bandwidth of ∼35 GHz centered on 94.6 GHz. The CO J (1-0) line emitting at rest frequency 115 GHz enters this band approximately between z = 0.03 and z = 0.5. The CO J (2-1) line emits at rest frequency 230 GHz. This line enters the 95 GHz band between approximately z = 1 and z = 2. The 148 GHz ACTPol detectors have a bandwidths that are 51 GHz (first two detectors) and 41 GHz (third detector), while the ACT equatorial 148 GHz MBAC has a bandwidth of ∼18 GHz (Swetz et al. 2011; Thornton et al. 2016 ). In the lowest redshift bin, this makes the ACTPol 148 GHz data sensitive to the CO J (2-1) line emission between z = 0.35 − 0.87, and the ACT equatorial 148 GHz data are sensitive to it between z = 0.45−0.65. The excess emission is detectable above what can be accounted for by continuum dust emission alone. We therefore add an additional fitting parameter in the first three redshift bins to fit the amplitude of the CO contribution to the 95 GHz flux density, and in the first redshift bin we add an additional amplitude to contribute to the 148 GHz flux density. We model and discuss other possible causes for the observed excess in Section 4.3. Furthermore, we recognize that higher energy CO emission lines will enter the other two ACT equatorial frequency bands (218 and 277 GHz), as well as continue to shift into all four bands at higher redshifts. We explore a model for fitting the contribution of the CO lines in all of the ACT stacked data points using a CO spectral line energy distribution (SLED) in Section 4.4.
We compute the complete model SED for each quasar in the sample, then fit the stacked flux densities with an inverse variance-weighted stacked model. We use the same inverse variance weights of the data to construct the model stacked SED, . Residuals are a result of subtracting synchrotron + dust emission model from the 95 GHz, 148 GHz, 218 GHz, and 277 GHz data points in Figure 5 . We also subtract the four individual CO emission line contributions to the flux densities at 95 GHz in the first three redshift bins and from at 148 GHz in the first redshift bin. The red curve depicts the SZ spectral distortion using our marginalized value for the coupling fraction when fitting all six redshift bins together f = 4.4 +0.9 −1.1 τ −1 8 per cent. The final constraints on the SZ amplitude are taken from fits to only the three highest redshift bins as discussed in Section 5.2.
Here, S tot,i is the sum of the synchrotron, CO line emission contribution to the flux, SZ, and dust spectral components for each quasar at redshift z i . In the base model, there are four total A CO parameters: one each entering the 95 GHz and 148 GHz in the lowest redshift bin, and one entering the 95 GHz band in redshift bins two and three. The coupling fraction f is a measured quantity and is used to compute ∫ p e dV i as a function of L bol,i using Equation 5. The bolometric luminosity is optically derived using the SDSS i-band absolute magnitudes, M i (z = 2), which are converted to rest frame luminosities L 2500 at 2500Å and then to L bol by multiplying by a bolometric correction of 5 (Richards et al. 2006) . The bolometric luminosity correction of L 2500 is uncertain by up to 40 per cent, which we return to later in Section 5.2 when discussing the interpretation of our results.
Our Baseline Model Fit Results
The baseline model is made up of a synchrotron spectrum, a spectral distortion from the SZ effect, four CO-line flux density amplitudes, and two modified blackbodies to describe the dust spectrum. We fit all six redshift bins simultaneously. The radio emission is modelled as an optically thin synchrotron spectrum for which we fit a single spectral index α across all redshift bins and six individual normalization factors, one for each redshift bin. The spectral distortion due to the SZ effect is given by Equations 3 and 5. We model the spectral distortion with one value of the coupling fraction at all redshifts in units of τ −1 8 percent. In Sections 5.2 and 5.3, we discuss the interpretation of the total measured thermal energy from the SZ signal and the implications for quasar feedback. Until then, our discussion of the measured coupling fraction f in each model iteration assumes the total signal can be attributed to quasar feedback energy. The COline flux density model includes three amplitudes to fit the 95 GHz excess in redshift bins 1-3, and one amplitude to fit the 148 GHz excess in redshift bin 1. For the two modified blackbody dust spectra, we fix the emissivity to β = 1.5 and fit for two L I R parameters for each redshift bin and two dust temperatures fixed across redshift bins. We explore the dependencies of our results on each component of the baseline model in Section 4.
We use a Markov Chain Monte Carlo (MCMC) analysis that steps through the parameter space of the model defined by Equation 6 plus the four CO amplitudes and computes a Gaussian likelihood function at each step in the chain. We use the MCMC ensemble sampler algorithm "emcee" (Foreman-Mackey et al. 2013 ). All of the parameters for which we are fitting are defined with uniform priors. The synchrotron amplitudes, CO flux contribution amplitudes, and IR luminosities are constrained to be greater than zero. The radio spectral index is set to be between −0.3 ≤ α ≤ −1.5. The cold and warm dust temperatures are constrained to be less than and greater than 45 K, respectively, and the coupling fraction can vary between 0 ≤ f ≤ 1. We marginalize over the 26 parameters in our baseline model and report the 50th percentiles of the posterior distributions for a subset of these parameters in Table 4 . The reported uncertainties are statistical uncertainties given by the 16th and 84th percentiles in the distributions. Not included in this table are the amplitudes of the synchrotron emission in each redshift bin nor the CO amplitudes. To confirm that the chains have sufficiently converged, we inspect each of the parameter trace plots for all walkers in the chain. These physical quantities are further discussed in Section 5.1. In addition to the marginalized parameters, we report the total thermal energy in each redshift bin calculated from the coupling fraction f in column 4. We also compute the total far infrared luminosity by summing the two modified blackbodies and integrating those sums from rest frame 8-1000 µm. Following Kirkpatrick et al. (2012) , we also compute an effective temperature T d,e f f by weighting the dust temperature of the cold and warm components by the fraction of L I R,tot that is from L I R,c and L I R,w , respectively. Our measurements of L I R and T d agree well with the Kirkpatrick et al. (2012) measurements, which shows that the quasar dust temperatures are on average ∼20 K greater than those for star forming galaxies. Our effective temperatures with their statistical uncertainties lie within the range of 350 µm-derived dust temperatures for high redshift radio quiet quasars from Beelen et al. (2006) .
We find that an SZ spectral distortion in the model SEDs is preferred at the level of 4σ. The best-fitting values at the location of the maximum likelihood in the Markov chains produce a χ 2 = 36.0 for 40 degrees of freedom. All reported χ 2 values are calculated as −2lnL max , where lnL max is the value of the log likelihood at the location of the bestfitting parameters (which are, in general, not the same as the reported medians of marginalized parameter distributions). The amplitude of the SZ effect implies that the radiative energy of the quasar winds couples to the surrounding gas with an efficiency of f = (4.4 +0.9 −1.1 )τ −1 8 per cent. Using the bolometric luminosities in each redshift bin and Equation 5, we can translate the efficiency into total thermal energy of the quasar wind that produces the SZ effect. This quantity is also given in Table 4 for each redshift bin. Figure 5 shows the full radio through far-infrared SEDs of radio quiet quasars in six redshift bins between 0.3 < z < 3.5. The red line shows the complete model given by our marginalized parameters to describe the synchrotron and dust emission plus the spectral distortion from the SZ effect. The SZ effect decrement causes the complete model to become negative between ∼10-95 GHz, depending on the amplitude of the SZ signal in a given redshift bin. In Figure 6 , we plot the residuals of the four ACT data points minus the synchrotron emission, the CO emission flux contribution amplitudes, and the dust spectra for all six redshift bins. Plotted in red is the SZ effect spectral distortion as defined by our marginalized value for the coupling fraction when fitting all six redshift bins simultaneously. The coupling fraction is converted to the SZ amplitude using Equations 3 and 5.
MODELLING DEPENDENCIES
Modified blackbody parameters
Our base model uses two modified blackbodies to describe the thermal dust emission with one colder component and one warmer component. A two temperature modified blackbody dust emission model is supported by SED fitting of quasars (Bianchini et al. 2019; Kirkpatrick et al. 2012 Kirkpatrick et al. , 2015 and Herschel starburst galaxies (Pearson et al. 2013 ). To explore variations on the base model, firstly we implement a version of the model in which β is a free parameter. The resulting marginalized β is 1.4 +0.1 −0.1 , with the maximum likelihood corresponding to a χ 2 of 38.5 for 39 degrees of freedom. The resulting coupling fraction from the SZ amplitude is f = (5.7 +1.2
per cent. This is 1.4σ greater than our baseline model f in which β is fixed to 1.5. Because the values of β and f are correlated and we wish to compare the baseline f to different model variations, we keep β fixed to 1.5 in all model variations unless otherwise specified. To further investigate the dependence of f on β in each stand alone model variation for which β is fixed, we run a version in which we allow β as a free parameter and find it ranges between 1.4 and 1.6, so 1.5 is a reasonable fixed value. The other dust models that we test include a single temperature, optically thin dust spectrum, and a single temperature, optically thick dust spectrum. In each of these tests, the other model components remain the same unless otherwise specified. The results of all of these tests are summarized in Table 5 .
In the case of a single temperature, modified blackbody dust spectrum, for which the model allows a greater number of degrees of freedom, we allow β to be a free parameter. We find that a single temperature, optically thin dust model is not sufficient to describe the data. Using this dust spectrum, the best-fitting model produces a χ 2 is 115.7 for 46 degrees of freedom. The large χ 2 is coming primarily from the PACS 1875 and 3000 GHz (160 and 100 µm) data points. If we exclude these data points in each redshift bin and re-run the fit to the data with the optically thin dust model, the χ 2 statistic becomes 40.3 for 34 degrees of freedom. This corresponds to a PTE of 0.21, which indicates that this model would be sufficient to describe the lower frequency portion of the dust spectrum. The coupling fraction measured from this alternative model excluding the PACS data points is f =(4.7 ± 1.2) τ −1 8 percent, consistent in both value and significance to our base model. However, there is no reason to exclude the PACS data in our dust spectrum as they provide valuable information about the shape of the dust emission. In particular, the PACS data best constrain the warmer component of the two modified blackbody spectra. These data clearly indicate that an optically thin, single temperature, modified blackbody does not fit our broad wavelength coverage of the far-infrared emission of average quasar SEDs.
An alternative to a modified blackbody with optically thin dust is a single temperature, modified blackbody spectrum with optically thick dust. Su et al. (2017) , for example, found this alternative to be a good fit to the SEDs of high redshift dusty star forming galaxies (though this study did not include the higher frequency PACS data). The optically thick dust model fit to our SEDs produces a spectrum with an optical depth of τ d = 4.3 +0.5 −0.4 , a dust temperature of (74 ± 3) K, and a feedback coupling fraction of f = (5.0 +1.1 −1.2 )τ −1 8 %; this model yields a χ 2 of 63.9 for 46 degrees of freedom. The PTE for this model is 0.04 and therefore is considered less adequate to fit the dataset as compared to the two modified blackbody dust model.
Radio emission spectrum
The origin of radio emission from the hosts of radio quiet quasars remains unknown (Zakamska et al. 2016; Hwang et al. 2018; Laor et al. 2019) . Emission in this regime may be due to optically thin synchrotron and free-free emission from star formation in the host galaxy (e.g., Condon et al. 2013 ), synchrotron and free-free emission from quasar-driven outflows (e.g., Faucher-Giguère & Quataert 2012; Zubovas & King 2012; Nims et al. 2015) , or synchrotron from a low power jet (Falcke et al. 2004; Leipski et al. 2006) . There is also the possibility that there is optically thick synchrotron emission that might be explained, for example, by coronal emission from an accretion disk (Laor et al. 2019) . In order to better understand the radio emission from radio quiet quasars, we need a large, statistical sample of quasars observed in many frequency bands across the radio regime, which is difficult because the radio emission is weak.
Stacking analysis can be a powerful tool in addressing this long-standing problem. In our base model, we use an optically thin synchrotron spectrum and keep the spectral index as a fitting parameter. We find a marginalized value of α = −0.8 ± 0.2. Our average flux densities at 1.4 GHz and 3 GHz are well fit by this model, and the value of α is indicative of optically thin synchrotron emission, consistent with the well-characterized radio emission from normal starforming galaxies (Condon 1992) . We find that there is not a significant contribution to the higher frequency data due to the synchrotron emission, and that any a flatter synchrotron slope does not account for the excess millimeter-wavelength emission at low redshift. We further explore the possible radio emission mechanisms in relation to our observed low redshift excess emission at 95 and 148 GHz in the following section.
Synchrotron emission can also exhibit an exponential cut-off at high frequencies. Curved spectral shapes that decline toward increasing radio frequencies have been observed in the spectra of many star forming galaxies (e.g., Williams & Bower 2010; Marvil et al. 2015; Klein et al. 2018) . One explanation of the decline is that there is an exponential cutoff in the energy spectrum of relativistic electrons at a specific Lorentz factor (Kardashev 1962; Jaffe & Perola 1973) . In this scenario, the highest-energy electrons lose their energy much more quickly than the lower-energy electrons producing an abrupt cutoff of the synchrotron spectrum that can be described as S ∝ ν α × e −ν/ν b . The frequency ν b at which the spectrum declines depends on the conditions of the magnetic field that determined the acceleration of the particles, their energy loss, and their escape rates (Schlickeiser 1984) . Klein et al. (2018) found cutoff frequencies ranging from 4.7-12.4 GHz. Based on these results, we test a synchrotron model with an exponential cutoff frequency of 10 GHz. In this model, we fix the spectral slope to the marginalized value of our base model, α = −0.8. This model prefers an SZ spectral distortion at the 4σ level with a χ 2 equal to 36.8 for 41 degrees of freedom and a PTE of 0.66. The marginalized coupling fraction from the SZ amplitude is (4.1 ± 0.9)τ −1 8 per cent. Only half of star-forming galaxies show the exponential cutoff in their synchrotron spectra (Klein et al. 2018) , and even less is known about the synchrotron cutoff of radio-quiet quasars. If the synchrotron exponential cutoff frequency is as high as 40 GHz, the SZ amplitude is still measured at the 3.6σ level. Therefore, we do not use the model with a synchrotron cutoff as our baseline model. Rather, we explore this possibility and find that the derived SZ coupling efficiency in the presence of the cutoff at 10 GHz is 1σ below that from our baseline model.
4.3
The 95 GHz/148 GHz excess at z ≤ 1.91
Our baseline model accounts for the 95/148 GHz excess emission with contributions from CO lines entering the ACT and ACTPol passbands (see Figure 5 ), but we test several alternative explanations in this section. The rest frequency of such emission at these redshifts should lie on the lowfrequency tail of the dust spectrum, and the presence of any excess here is difficult to explain.
We tested a model with the addition of thermal freefree emission with S ν ∝ ν −0.1 . In this model, we fix the synchrotron spectral index to the marginalized baseline value α = −0.8. We allow the amplitude of the free-free emission to vary between redshift bins, which produces marginalized amplitudes that are not consistent between bins. We first fit the model in which we replace the CO emission amplitudes with the free-free emission as an alternative explanation. The best-fitting parameters of this model produce χ 2 = 50.8 for 39 degrees of freedom, yielding a PTE of 0.09. This model provides a marginally good fit to the data, but in particular, it fails to explain the amplitude of the 95 GHz/148 GHz flux densities at z ≤ 1.91 and has the wrong spectral shape to do so. We then consider a model in which there is a freefree emission contribution in addition to CO line amplitudes. This model produces a χ 2 = 40.3 for 35 degrees of freedom, yielding a PTE of 0.25. This is comparable to our baseline model, so does not justify the addition of the free-free component. It also fails to adequately describe the low-frequency radio slope.
It is possible that this emission may be the result of a self-absorbed synchrotron emission component (in addition to the optically thin synchrotron emission fitted at lower frequencies), which generates a flat or inverted radio spectrum.
Excess emission at rest frame ∼95 GHz has been observed in a sample of radio quiet quasars (Behar et al. 2015 (Behar et al. , 2018 ).
An example of what might cause such a spectrum in radio quiet quasars is a putative coronal emission originating within 1 pc around the quasar (Inoue & Doi 2014; Laor et al. 2019) . From the 1.4 GHz and 3 GHz fluxes, it is clear that the radio spectra of our quasar SEDs are not flat at these frequencies, but at z ≤ 1.91, our spectra between 3 GHz and 95 GHz indicate a nearly flat, or even rising, spectral slope. A few spectra with these shapes have been observed in the radio/millimeter regime of the SEDs of nearby radio quiet quasars and Type 1 Seyfert galaxies (e.g. Barvainis et al. 1996; Doi & Inoue 2016; Behar et al. 2015) , and explaining this has been challenging.
We test the possibility that self-absorbed synchrotron emission is contributing to the SED in addition to an optically thin synchrotron component by adding a component with a rising spectrum, S ν ∝ ν 0.5 . This curve is an approximation as the exact form depends on the fraction of nonthermal electrons, the spectral index of the power law distribution of non-thermal electrons, the black hole mass, and mass accretion rate (Özel et al. 2000; Inoue & Doi 2014) . There is also a cut off frequency at which the spectrum falls off, which is around rest frame frequency ν = 1 THz. We cut off our self-absorbed synchrotron at this frequency since the relative contribution of this compared to the dust emission is negligible. We also fix the optically thin synchrotron spectral index to α = −0.8. As with the free-free emission, we first consider optically thick synchrotron as an alternative to CO emission in order to fit the excess. This model yields a χ 2 of 36.4 for 39 degrees of freedom and a PTE of 0.59. This model does a better job than free-free in terms of accounting for the millimeter excess and thus represents a viable candidate.
We then include optically thick synchrotron in addition to CO emission in order to explain the excess. This model yields a χ 2 of 29.9 for 35 degrees of freedom and a PTE of 0.71, a modest improvement over CO alone. This model requires a larger SZ amplitude than the base model at the level of 4σ, with f = 9.9 +2.5
per cent, but it is difficult to constrain the amplitude of the optically thick spectra, particularly in the higher redshift bins where the mm-wavelength excess is not observed. Behar et al. (2015) , and subsequent publications from their group, found a relationship between the mm-wavelength and X-ray luminosities of a sample of quasars that is consistent with the coronal emission models: L (95 GHz) ∼ 10 −4 L X (2 − 10 keV) . To test the validity of our results, we compare the 95 GHz luminosity from the optically thick spectra to L X (2 − 10 keV) estimated from the bolometric luminosity using a correction factor k bol = 12 (Lusso et al. 2010) . We find L (95 GHz)/L X (2 − 10 keV) = (5.1, 1.6, 3.7, 5.6, 17, 28) × 10 −4 as a function of increasing redshift bin. At low redshift, the ratios are similar to that found by Behar et al. (2015 Behar et al. ( , 2018 . At higher redshifts, our data do not constrain the optically thick component, making the fit values (and associated SZ values) suspect.
We explore the possibility that this excess emission is a result of anomalous microwave emission (AME). AME is best understood as spinning dust emission that contributes to radio emission between rest frame ∼ 10 − 90 GHz with a peak at 30 GHz (Dickinson et al. 2018) . First discovered as a part of Galactic foregrounds in cosmic microwave back-ground surveys, it has recently been detected in two extragalactic sources (Hensley et al. 2015; Murphy et al. 2018) . AME as the origin of the observed excess in our dataset is likely ruled out because the excess we observe is at rest frame frequencies 123 GHz, and while a slight excess is expected in the high frequency tail of the anomalous emission spectrum, the observed excess is difficult to reconcile with standard AME models. To estimate an expected AME flux density at 30 GHz, we use the relationship between dust radiance, or F I R , and the 30 GHz AME flux density amplitude within the Galaxy from Hensley et al. (2016) . We arrive at a value of expected S AM E 30 GH z ∼ 10 µJy in our lowest redshift bin using the measured total infrared flux from our model. Murphy et al. (2018) find their measured AME at 30 GHz to be a factor of two greater than that expected from the Galactic relation in NGC 4725. This puts the maximum expected peak AME flux at ∼ 20 µJy, and the spinning dust models exhibit a steep drop at frequencies higher than the peak. Our measured 95 GHz excess in the lowest redshift bin is ∼ 70 µJy after subtracting the baseline dust model, which is already a factor of 3 greater than generous estimate of the expected peak flux from AME. We therefore conclude that AME is unlikely to produce such a strong excess at our observed frequencies.
CO Spectral Line Energy Distribution
In our base model, we include additional amplitudes to account for the CO(1-0) and CO(2-1) emission lines entering the ACT(Pol) 95 GHz and 148 GHz bands in the first redshift bin, and to account for the CO(2-1) emission line entering the ACTPol 95 GHz band in the second and third redshift bins. As the spectrum rises toward the thermal peak, higher J transitions of CO make progressively smaller fractional contributions to the observed SED. Although we do not detect the higher J transitions above the dust spectrum, we implement an alternative model to test the effect of any flux from the higher J transitions entering the ACT bands.
We thus focus on the CO emission line contributions to the four ACT bands, and only include contributions from energy lines up to CO(5-4). This choice is well motivated because CO lines in this energy regime have been detected in quasars out to z ∼ 6. We use the CO line luminosity ratios given in of Table 2 of Carilli & Walter (2013) to define the spectral line energy distribution (SLED) expected for quasars up to the CO(5-4) transition. For each quasar at redshift z, we calculate which CO lines enter into which frequency bands and allow a contribution to the flux density from CO emission lines in those bands. We then fit for the amplitude of the CO(1-0) line luminosity in each redshift bin, using the luminosity ratios as dictated by the SLED to account for the relative amplitude of the higher energy line transitions. For redshift bins 1 and 2, this includes a CO emission component in all four ACT bands, and for redshift bins 3 and above this includes CO emission line components in only the 95 and 148 GHz bands. We refer to this as the CO SLED model. This model produces a χ 2 of 49.3 for 38 degrees of freedom and a PTE of 0.10. The increase in χ 2 above that of the baseline model is driven by the 95/148 GHz excess. We further discuss the implications for the CO emission in the next section. The resulting coupling fraction of Figure 7 . Infrared luminosities of the warm (orange triangles) and cold (blue X's) components of our baseline model SEDs, and the total infrared luminosities (black stars) computed from the sum of the two modified blackbody components as a function of bolometric luminosity determined from L 2500 . The second y-axis gives the upper limit on star formation rate calculated from the IR luminosities.
per cent is compared with the other model iterations in Table 5 .
DISCUSSION
Here, we discuss the physical validity and implications of our SED fitting. We describe the resulting dust spectra and CO fluxes in 5.1, and in 5.2 we return to our task of estimating the contribution of quasar feedback to the measured total thermal energies. We further compare to other measurements in the literature of the thermal SZ effect in quasars host halos in 5.3.
Far-infrared and CO luminosities
We compute the total infrared luminosity by integrating the sum of the two modified blackbodies from rest frame 8-1000 µm in each redshift bin. The marginalized warm and cold L I R 's from the two temperature modified blackbody dust spectrum are plotted in Figure 7 along with the total infrared luminosities as a function of median bolometric luminosity derived from L 2500 .
Disentangling the total infrared emission that is a result of star formation versus that which is coming from the active supermassive black hole accretion is a difficult problem. Kirkpatrick et al. (2012) perform a detailed SED decomposition of star-forming galaxies, galaxies with active galactic nuclei, and composites. Kirkpatrick et al. (2012) find at z ∼ 1 that 21 per cent of the infrared emission can be attributed to star formation, while at z ∼2 the contribution increases to 56 per cent. Furthermore, at the resolution of the ACT and Herschel beams, we expect some contribution clustered dusty star-forming galaxies to the total infrared luminosity. The relative contribution of infrared emission from clustered sources will furthermore depend on instrument resolution. Carilli et al. 2007; Maiolino et al. 2007; Coppin et al. 2008; Wang et al. 2010; Simpson et al. 2012 ), sub-millimeter galaxies (green, Greve et al. 2005; Frayer et al. 2008; Daddi et al. 2009; Ivison et al. 2011; Bothwell et al. 2013) , and dusty star-forming galaxies (purple, Greve et al. 2014) . The L C O values that are obtained by directly fitting the CO(1-0) emission contribution to the flux densities in the SEDs are plotted as triangles. The L C O values that are obtained by fitting the CO(2-1) emission contribution to the flux densities in the SEDs and then converted to the CO(1-0) line luminosity are plotted as stars. Red stars/triangles are from the results of our baseline model (see Figure 5) , and black points are from the results of adding the optically thick synchrotron component. The cyan open circles are the results from fitting our CO SLED model. This plot highlights the difficulty in explaining the 95/148 GHz excess as our individual CO amplitudes (red and black) produce more CO emission than expected in quasar hosts, while the CO SLED model under produces this emission.
We do not have full decomposition capabilities in this study, but we use the L I R -star formation rate relation from Bell (2003) to compute upper limits on the amount of star formation contributing to our average SEDs. In Figure 7 , we plot a second y-axis that is star formation rate in solar masses per year. If the entirety of the infrared luminosity is due to star formation in the host galaxies of the average quasar SEDs, then at z ∼ 0.7 the maximum star formation rate is 70 M yr −1 , and at z ≥ 2 it is approximately 790 M yr −1 . A more reasonable estimate might be to assume that the cooler component of the two modified blackbody spectrum is due to dust emission heated by star formation. In this case, the star formation rates range from 36 M yr −1 to 168 M yr −1 . These lower star formation rates agree well with those from Kirkpatrick et al. (2012) .
From the marginalized CO amplitudes, we compute CO luminosities by first converting the measured flux densities to Watts per square meter using the associated millimeter bandwidth. We then compute L CO using the relation:
where S CO is the flux in units of W/m 2 , ν obs is the observed frequency in units of Hz of the CO emission line at a given redshift, and D A is the angular diameter distance in pc (Carilli & Walter 2013) . We compare our derived L CO values with expectations for quasars at low redshift (z 0.4, Evans et al. 2006; Xia et al. 2012 ) and high redshift (z 1, Walter et al. 2003; Solomon & Vanden Bout 2005; Riechers et al. 2006; Carilli et al. 2007; Maiolino et al. 2007; Coppin et al. 2008; Wang et al. 2010; Simpson et al. 2012 ), submillimeter galaxies (Greve et al. 2005; Frayer et al. 2008; Daddi et al. 2009; Ivison et al. 2011; Bothwell et al. 2013) , and dusty star-forming galaxies (Greve et al. 2014 ). All of these line luminosities have been corrected to represent L CO (1-0) (see Hill et al. 2019 for more detail on the quasar and submm literature values). We correct our L CO values that are derived from higher energy transitions using the Carilli & Walter (2013) line ratios. We plot L CO (1 − 0) vs. L I R,tot in Figure 8 for our base model where in each redshift bin in the range z = 0.3 − 1.91 we fit for CO(1-0) and CO(2-1) amplitudes independently (open red symbols) and for the model in which we add the optically thick synchrotron spectrum to our base model (open black symbols). We also show the results from our CO SLED model in which we fit for one CO(1-0) amplitude in each redshift bin (cyan open circles) with the higher J line amplitudes correspondingly constrained by the SLED. The triangle points are derived directly from the marginalized CO(1-0) amplitudes, while the stars are the independently fitted CO(2-1) amplitudes that have been corrected to L CO (1 − 0) using the ratio L CO (1 − 0)/L CO (2 − 1) = 0.99 from Carilli & Walter (2013) . In our base model with independently fitted CO amplitudes, our marginalized flux densities correspond to L CO (1 − 0) line luminosities that are ∼1σ-2σ larger than the literature values. While the CO amplitudes are in better agreement when adding the optically thick synchrotron spectrum to our base model, they are still biased high by ∼ 1σ in comparison to the literature values. The CO SLED parameterization yields a marginalized CO(1-0) flux in the lowest redshift bin (cyan circle with the smallest infrared luminosity) that agrees well with the literature values of L I R vs. L CO (1 − 0), and all of the higher redshift bins produce L CO (1 − 0) line luminosities that are 1σ below their expected values given their infrared luminosities. Furthermore, the CO SLED model does not produce an adequate fit to the 95/148 GHz data points, which is driving the poor χ 2 in this model variation. The base model with independently fitted CO amplitudes fits the data well, but overestimates the expected CO line luminosities at the derived total infrared luminosities. This indicates the presence of an additional emission component at observed 95 GHz that is not accounted for in any of our model iterations, such as the optically thick synchrotron addition for which the validity was discussed in Section 4.3. Table 6 . Model results for the three redshift bins at z ≥1.91 only, with the marginalized parameters derived from the 50th percentile of the posterior distributions from the MCMC analysis. The fit parameters include the radio spectral index α, the coupling fraction of the SZ effect f (τ −1 8 percent), and the warm and cold components of the two modified blackbody dust spectra parameterized by the infrared luminosities L I R and the dust temperatures T d . The total thermal energy E t h , total infrared luminosity log(L I R, t ot ), and effective dust temperature T d, e f f columns are calculated from the fit parameters. The 1σ statistical uncertainties are given by the 16th and 84th percentiles and propagated accordingly for the calculated values. Figure 9 . Marginalized model for the radio through IR SEDs of optically selected quasars at z ≥1.91. The model is composed of a synchrotron spectrum (dot-dashed line), two modified blackbody dust spectra with a cold component (dotted line) and a warm component (dashed line), and a spectral distortion cause by the SZ effect, which results in the decrement in the model at frequencies below 220 GHz. This decrement causes the complete model (red line) to be negative in this frequency regime. 
Implications for quasar feedback
Due to the uncertainty in determining the emission mechanism causing the excess flux densities at low redshift in the ACT frequency bands, we limit our discussion of the implications for quasar feedback to the three highest redshift bins, z ≥1.91. These three bins do not exhibit excess flux above any reasonable dust spectrum, and we fit these data with our base model of synchrotron and two modified blackbody dust spectra, plus a spectral distortion from the SZ effect.
The results of fitting to only the three highest redshift bins are given in Table 6 . The model fits these data with a χ 2 of 15.6 for 20 degrees of freedom and a PTE of 0.74. Figure 9 shows the marginalized model in red plotted over the data, and Figure 10 shows the residuals of the data minus the synchrotron and dust spectra with the SZ spectrum shown in red. In comparison with the base model that simultaneously fits all six redshift bins, the amplitude of the SZ effect and the coupling fraction exhibit a less than 1σ increase, while the parameters to describe the synchrotron and dust spectra change more significantly. The spectral index of the synchrotron flattens from −0.8 ± 0.2 when fitting all six bins to −0.5 +0.1
. Though this is a 1.5σ change, there is only a 0.5σ increase in the SZ amplitude, indicating that this is not a strong driving factor in measuring the SZ effect. The cold components of the dust spectra all exhibit a decrease in amplitude and temperature, and the warm components increase in amplitude and decrease in temperature by ∼1σ. The key conclusion is that restricting the fitting from 6 redshift bins to 3 redshift bins changes the SZ coupling factor by less than 1σ. Furthermore, producing the observed decrement in flux compared to the low frequency tail of the modified blackbody dust spectrum at high redshifts is difficult with anything other than the SZ effect.
For the three highest redshift bins fitted simultaneously, our model of the radio through far-infrared SEDs prefers the addition of the SZ effect component at a significance of 3.8σ. Parameterizing the model such that the amplitude of the SZ effect scales with the bolometric luminosities of the quasars and assuming the entirety of the signal is attributed to the energy output of the quasar, we find that the radiative output of the quasar couples to the surrounding gas with an efficiency of (5.0 +1.2 −1.3 ) per cent for a fiducial quasar lifetime of 10 8 years. This value agrees well with those used in simulations of galaxy evolution, which invoke quasar feedback with a coupling efficiency of 5-7 per cent in order to reproduce the luminosity function of the observed universe (Hopkins et al. 2006) .
The coupling fraction measured in this study is 65 per cent lower than that reported in C16, who derive a coupling fraction of f = (14.5± 3.3)τ −1 8 % of the bolometric luminosities of the quasars between 0.5 ≤ z ≤ 3.5; however, as pointed out in C16, these values have a systematic uncertainty that could be as large as 40 per cent according to the scatter in the determination of the bolometric luminosity correction of L 2500 . We have made a number of improvements to the sample and the model by comparison to C16. The quasar sample used in this study is ∼5 times larger than used in C16, reducing the statistical uncertainties in the stacked data by up to a factor of 2. The addition of the 95 GHz ACTPol data provides an additional direct probe of the SZ effect, and requires the addition of the synchrotron emission spectrum at lower frequencies. This emission component was left out of the C16 study under the assumption that the contribution to the 148 GHz flux density from the synchrotron emission is negligible. This present study is also able to better describe the dust emission spectrum due to the addition of the higher frequency Herschel data from the PACS instrument at 1875 and 3000 GHz (160 and 100 µm). In this way, we find that the two temperature modified blackbody emission model provides a significantly better fit to these data than any of the other dust models. In C16, the model with two modified blackbody dust spectra was sufficient to fit the data without any SZ signal, but was not preferred due to the added complexity of the model compared to the number of degrees of freedom. Thus we suggest that our more refined model, incorporating higher frequency PACS results, provides a more plausible estimate of the SZ component.
For a direct comparison to C16, we test the effects of the additional data points used in this study by excluding the 1.4-95 GHz data points and the PACS data points, and limit the 148 GHz data point to only include quasars that lie within the original ACT equatorial 148 GHz map. We fit these SEDs with an optically thin, single temperature dust spectrum plus the spectral distortion from the SZ effect. We also use the C16 relation between the total thermal energy and the ∫ p e dV of the electron gas, which differs from our Equation 5 by a factor of 1.03. The resulting marginalized coupling fraction corresponding to the thermal SZ amplitude is f = (12.3 ± 3.4)τ −1 8 %, in agreement within 0.6σ of the C16 value.
There is extensive discussion in C16 of the expected total thermal energy in the dark matter halos hosting quasars due to virialization. We summarize the main points here, and expand upon that discussion with respect to distinguishing the SZ signal contribution from quasar feedback from that of the virialized halo gas. Planck Collaboration et al. (2013) find a relation between the integrated thermal SZ signal and halo mass for halo masses down to ∼ 3 × 10 13 M , and C16 extrapolate it down to lower mass halos that host quasars. C16 redefine the relation to be with respect to M h = M 200 , the mass enclosed within the radius where the density is 200 times the critical density, and this is the same halo mass definition we adopt here. We report here an overview of expected quasar halo masses, and then use Equation 12 of C16 to compute the total thermal energy expected due to virialization in quasar dark matter halos.
Measurements of quasar host dark matter halo masses range from 1×10 12 M to 5 × 10 12 M (Richardson et al. 2012; Sherwin et al. 2012; White et al. 2012; Shen et al. 2013; DiPompeo et al. 2014 DiPompeo et al. , 2015 Wang et al. 2015; Eftekharzadeh et al. 2019; Geach et al. 2019) . The sample of optically selected quasars we use in this study from the SDSS-BOSS DR14 quasar catalog have a median redshift of 1.91. Eftekharzadeh et al. (2019) present halo mass results from a clustering analysis of a sample of quasars drawn from the same parent quasar catalog with a mean redshift of z ∼ 1.5. Using a halo occupation distribution model, they find the minimum halo mass to host a central quasar to be 2.3 × 10 12 h −1 M . Geach et al. (2019) also study the halo masses of a sample of quasars with z = 1.7 drawn from the same SDSS DR14 catalog using methods independent of the modelling assumptions inherent in clustering measurements. They measure the deflection of CMB photons caused by dark matter halos hosting quasars and measure a mean halo mass of log(M h (h −1 M )) = (12.6 ± 0.2). At somewhat higher redshifts, White et al. (2012) and Wang et al. (2015) use the SDSS-III quasars in clustering studies with mean redshifts of z = 2.4 and z = 2.5, respectively. These results both find that quasars reside in dark matter halos of masses ∼ 2 × 10 12 M . Richardson et al. (2012) implements a halo occupation distribution model on the clustering of z = 1.4 quasars, and separately on the z = 3.2 quasar sample from Shang et al. (2012) . For the low and high redshift samples, they derive distributions of halo masses whose medians are 4.1 × 10 12 h −1 M and greater than 1 × 10 13 h −1 M , respectively. C16 analytically approximate the full halo mass distributions, and find that the median value of the halo mass depends greatly on the high mass end of the quasar halo mass distribution, which is poorly constrained (Richardson et al. 2012) .
To take a conservative estimate of how much the virial gas in the quasar host halos can contribute to the observed thermal SZ effect, we consider haloes with M h = 5×10 12 M , which is among the larger of the values suggested in the literature. We compute the total thermal energy expected due to virialization of the dark matter halo with this fixed mass at the average redshift z = 2.25. Using this mass and redshift, the expected ∫ p e dV from virialization is 3.6×10 59 ergs. This implies a total thermal energy, using Eq. 5, of 1×10 60 ergs. Taking the inverse variance weighted average of the calculated thermal energies at z > 1.91 in Table 6 , the total thermal energy from the SZ effect is 3.1 × 10 60 ergs. We thus conclude that the measured thermal energy from the SZ signal can be attributed to the hot halo gas in virial equilibrium at the level of (∼ 32 ± 8) per cent at z ∼ 2.25. Therefore, between redshifts z ∼ 2 − 3 we measure a 60 per cent excess of thermal energy compared to that expected from virialized gas. If instead, typical halo masses hosting quasars are at the low mass end of literature measurements, M h = 2 × 10 12 h −1 M , then 90 per cent of our measured thermal energy from the SZ effect is in excess of that expected from virialization.
Alternatively, we can turn this calculation around and use the measured thermal energy to put an upper limit on the characteristic halo mass hosting quasars. Let us assume that the total thermal energy implied by our measurement of the thermal SZ effect may be completely explained by hot halo gas in hydrostatic equilibrium. Using our value at z ∼ 2 of 2.7 × 10 60 ergs means that the effective halo mass of quasars would be 6.3 × 10 12 h −1 M . This is a factor of 2.7 greater than the Eftekharzadeh et al. (2019) measurement, and a factor of 1.6 greater than the Geach et al. (2019) measurement that is independent of clustering at z ∼ 1.7.
An additional consideration when trying to distinguish the thermal energy from quasar feedback and that from the virialized dark matter halo is the distribution of dark matter halo masses hosting quasars. The calculation of thermal energy relies on the halo mass raised to the power of (5/3), and M (5/3) does not equal M (5/3) . Using an approximation of the quasar mass distribution from Richardson et al. (2012) , we find that the characteristic mass computed as M (5/3) (3/5) is greater than M by a factor of 1.2. Therefore, the mass-inferred SZ signal (or thermal energy) will be different by a factor of 1.35. This factor depends on the exact shape of the quasar halo mass distribution, and future datasets will better serve to disentangle the contributions to the thermal energy from quasar winds and the virialized halo gas at different mass scales.
Comparisons with Planck measurements of the thermal SZ effect in quasar host halos
The most recent measurements of the SZ in quasar hosts relevant to our work in C16 and this paper are Verdier et al. (2016) and Soergel et al. (2017) . Both of these use data primarily from the Planck satellite (with the addition of Akari data in Soergel et al. (2017) to better constrain the peak of the thermal SED). Since the primary difference between these studies and ours is in the choice of millimeterwavelength dataset (Planck vs. ACT), and since the Soergel et al. (2017) analysis uses SED modelling most transparently related to our work, we restrict our comparisons to Soergel et al. (2017) . Much of our discussion is driven by the difference in the angular resolution: 5-10 for Planck and ∼1 for ACT and Herschel.
Modelling of the radio-to-far-infrared emission is crucial to detecting and measuring the amplitude of the SZ effect. Comparisons between studies must account for differences between the datasets used. Along these lines Soergel et al. (2017) draw attention to the differences between dust parameters derived in C16 (T d ≈ 40 K, β ≈ 1.1) and their work (T d ≈ 25 K, β ≈ 2.3) to call into question the validity of emission modelling and, by extension, constraints on the SZ signal. However, this difference is expected between the Planck and ACT/Herschel data. As pointed out by Soergel et al. (2017) , their dust properties are characteristic of the dusty star forming galaxies clustered around the more massive quasar hosts. While the ACT and Herschel data of C16 and this study do have contributions to the dust spectrum from clustered sources on scales of the one halo term, these datasets also have a higher contribution from the quasar host itself, where higher temperatures and different dust properties are expected (Bianchini et al. 2019; Hall et al. 2018; Kirkpatrick et al. 2012) .
Similarly, it is important to distinguish the contribution to the measured SZ effect due to the quasar host halos from that due to correlated halos. Soergel et al. (2017) reported the energy from SZ to be 5 × 10 60 ergs at 3-4σ statistical significance, but also with warnings that systematic errors in model choice made the estimate more uncertain. Hill et al. (2018) have shown that, at Planck resolution, the stacked SZ effect measured for halos in the range M = (1 − 5) × 10 12 (i.e., characteristic of quasar hosts) is dominated by hot gas in large-scale correlated structure, and not by the thermal energy of the quasar host itself. This effect is also consistent with simulations by Soergel et al. (2017) . In their Figure 12 , the thermal energies inferred for quasar host halos are an order of magnitude larger than those expected from virialization. The authors point out that the scatter in the simulated thermal energy estimates, which is approximately 5 × 10 60 ergs, is primarily due to hot gas in the large scale structure within a Planck beam. Though not pointed out explicitly in that work, this same structure should bias the stacked simulation high, presumably by the observed ∼ 5 × 10 60 ergs. Thus the conclusion by Soergel et al. (2017) that their simulation indicates that quasar feedback (of order 10 60 ergs) changes the measured thermal energy by only 20 per cent is a statement about the thermal energy in the Planck beam rather than that in the quasar host halo.
Because ACT has nearly five times the resolution of Planck, C16 and this study more directly probe the thermal energy of the quasar host itself, i.e., we expect less contamination from clustered dark matter halos. At 148 GHz the ACT beam size is approximately two times larger than the angular extent of the dark matter halos hosting quasars at z∼2 (Hall et al. 2018) . While further analysis is needed to more precisely specify the SZ contribution from correlated structure, our results provide a new estimate of the quasarcorrelated SZ with better filtering of the 2-halo term. Interpreted in this way, we have provided a new upper limit to the thermal energy in quasar host halos and to the feedback efficiency of quasars.
SUMMARY AND CONCLUSIONS
We construct model SEDs from the radio to far-infrared of 109,829 optically-selected quasars from the SDSS, divided into six redshift bins. We find that the SEDs are well fit with an optically thin synchrotron model in the radio, a two temperature modified blackbody dust emission model to describe the far-infrared emission, CO emission lines to describe excess emission at observed 95 GHz and 148 GHz at redshifts z < 1.91, plus an additional spectral distortion from the thermal SZ effect. We investigate other sources for the excess millimeter emission, finding that free-free without CO and anomalous microwave emission cannot explain the excess. The addition of a free-free component while still including CO emission cannot be ruled out, but offers no improvement over CO alone. An optically thick synchrotron component (Özel et al. 2000; Inoue & Doi 2014; Behar et al. 2015) with or without CO emission is the most viable alternative to explain the excess. The derived infrared emission is consistent with previous quasar studies with L I R,tot ∼ 10 12 L and effective dust temperatures in excess of that expected for non-active, star forming galaxies (Bianchini et al. 2019; Hall et al. 2018; Kirkpatrick et al. 2012) . However, more work is needed to disentangle the quasar host emission from dusty star forming galaxies in the same halo. The inclusion of thermal SZ effect in the baseline model is preferred at the ∼4σ level when fitting all six redshift bins simultaneously.
Due to the uncertainty associated with understanding the excess emission at 95 and 148 GHz, we proceed with the interpretation of the amplitude of the thermal SZ signal in the three highest redshift bins at z > 1.91. In these bins, we fit a model using the synchrotron and two temperature modified blackbody emission models plus the spectral distortion from the thermal SZ effect. The SZ is preferred in the model at the level of 3.8σ. Throughout this work, we parameterize the amplitude of the SZ effect in terms of the fraction of the bolometric luminosities of the quasars that thermally couples to the surrounding medium over a fiducial lifetime of 10 8 years. Assuming the entire SZ signal is due to hot bubbles from quasar winds, we find that the total thermal energy measured amounts to 5τ −1 8 per cent of the quasar bolometric luminosities over this quasar lifetime. This value is consistent with those used in simulations of galaxy evolution that reproduce the luminosity function of the observed universe (e.g., Hopkins et al. 2006 ). Translated to thermal energy, this level of SZ corresponds to ∼ 3.1 × 10 60 ergs at z ∼ 2. If the total thermal energy is due to virialization of the dark matter halo, this implies an average halo mass of M h = 6.3 × 10 12 h −1 M , which is ∼ 1.5 times more massive than recent measurements for radio quiet quasars (Eftekharzadeh et al. 2019; Geach et al. 2019) . If instead the quasars are hosted by M h = 2 × 10 12 h −1 M dark matter halos, then the measured total thermal energy is fifteen times greater than that expected due to virialization. Further work is needed to separate the thermal energy contribution of quasar feedback from that of virialization and correlated structure (Cen & Safarzadeh 2015; Hill et al. 2018) .
This work provides a new understanding of the emission mechanisms in the environment of radio quiet quasars and how the parameters describing this emission affect the quasar-correlated thermal SZ measurement. A breadth of observations at millimeter wavelengths in the form of large surveys (such as from Advanced ACTPol, the South Pole Telescope 3G, and the future Simons Observatory and CMB-S4) and targeted observations of individual objects will illuminate the emission mechanisms and physical scales on which they dominate. The SZ effect is a promising way forward to understanding the total thermal energy of the bulk of the gas surrounding quasars, and future observations are needed in order to fully understand the coupling of the quasar wind radiation to the surrounding medium. Higher resolution data at millimeter wavelengths is needed to better understand the emission of radio-quiet quasars in this regime, to discover the quasar-driven hot bubbles, and to disentangle contributions from the virialized halo gas and quasar feedback in individual systems.
